New transitions and levels in 148 Ce have been observed in a γ -γ -γ coincidence study from the spontaneous fission of 252 Cf with Gammasphere detector array. The ground band has been extended up to I π = 22 + , and side bands are extended with I = 2 stretched transitions and I = 1 crossing transitions. The observed level scheme is interpreted in terms of possible octupole correlations. Two sets of interwined positive-and negativeparity bands with the simplex quantum numbers s = ±1 are suggested. The results of B(E1)/B(E2) branching ratios indicate that the octupole correlations in 148 Ce are strong.
I. INTRODUCTION
Theoretical calculations in the deformed shell model have predicted the existence of an island of octupole correlated nuclei with reflection asymmetric shape with proton numbers near 56 and neutron numbers near 88 [1] [2] [3] . In such nuclei, the level patterns are similar to rotational bands observed in reflection-asymmetric molecules including two bands of parity doublets characterized with simplex quantum numbers [4] s = ±1 and s = ±i. The positive-and negative-parity rotational bands are interwined by strong E1 transitions [1] . For eveneven nuclei, the spins and parities (I π 's) of the levels in an octupole deformation band are I π = The presence of octupole deformation around Z = 56, N = 88 has been confirmed in 140−146 Ba [5] [6] [7] [8] [9] , 144, 146 Ce [5, 10, 11] , and 145, 147 La [12, 13] by measuring the prompt γ rays from spontaneous fission of actinide nuclei. For odd-A nuclei in this region, the s = ±i bands of parity doublets have been observed in 145 La [12, 13] and 143, 145 Ba [7, 8] . For even-even nuclei, the ground state s = +1 band has been observed in a number of nuclei [14] , but the s = −1 band was only reported in 148 Sm [15] and 146 Nd [16] . In Ce and Ba isotopes, only the s = +1 band has been observed [5] [6] [7] [8] [9] [10] [11] . Therefore, searching for the s = −1 band in this region and extending already known s = +1 bands to higher spin can provide useful information for nuclear structure studies.
The level structures of 144, 146 Ce [6, 10, 11] show evidence for octupole deformation. The levels in 144, 146 Ce have several intertwined E1 transitions between the two branches of the s = +1 band of parity doublets. These features are similar to those observed in 142, 144, 146 Ba nuclei [6, 9] with the s = +1 band structure. In the cranked shell model calculations [17, 18] , the nucleus 148 Ce is predicted to show strong octupole * Electronic address: zhushj@mail.tsinghua.edu.cn correlations. In an earlier publication [10] , 148 Ce had significantly different structure from those of 144, 146 Ce, because there was no evidence of a negative-parity band with E1 transitions intertwined with the yrast cascade. Urban et al. [19] reported octupole correlations in 148 Ce only in terms of an experimental electric dipole moment value, but no collective band was given. In our earlier publication [5] , we showed our initial level scheme of 148 Ce in an experiment carried out with the 36 Ge detectors in the early implementation stage of Gammasphere, but with no detailed discussion.
In the present work, we investigate the band structures of 148 Ce by studying the γ rays emitted by the fragments from the spontaneous fission of 252 Cf, in order to extend the levels of 148 Ce and to search for evidence of octupole correlations. In particular, it is of interest to search for the s = ±1 bands, and to compare the level systematics of 148 Ce with those of 144 Ce and 146 Ce. New band structures are observed in 148 Ce and are connected by intertwined E1 transitions. These band structures are interpreted as the bands of parity doublets with s = ±1 related to possible octupole correlations.
II. EXPERIMENTS AND RESULTS

The
148 Ce nucleus was studied by measuring the prompt γ rays from spontaneous fission of 252 Cf. The experiment was carried out at the Lawrence Berkeley National Laboratory using a 252 Cf source of about 60 µCi. The source was sandwiched between two Fe foils of thickness 10 mg/cm 2 . They were placed at the center of the Gammasphere array which, for this experiment, consisted of 102 Compton suppressed Ge detectors. The data were recorded in an event-by-event mode. A total of 5.7×10
11 triple-and higher-fold coincidence events were collected. These data have higher statistics than the earlier measurements of Refs. [8, 13, 20] by a factor of ∼15 at higher energy and a factor of ∼50 at lower energy (absorbers were removed). The data were analyzed with the RADWARE software package [21] using γ -γ -γ coincidence methods. New transitions were identified and assigned in the present work by setting several double gates on known transitions in 148 Ce. Newly assigned transitions were then used as gates to identify additional transitions. Further experimental details can be found in Refs. [8, 13, 22] . The level scheme of 148 Ce observed in the present work is shown in Fig. 1 . 20 new transitions are observed and nine new levels are reported in the level scheme of 148 Ce compared to our previous report [5] . In this work, the yrast band is extended to spin 22. In our previous work [5] , the two lowest levels in band (2) and the two intermediate levels in band (5) were seen but no band structures were connected to them as seen in the present work. Band (3) is extended to spin 11 compared to our previous work [5] and the 1487.3-keV level was added to band (4) along with the 104.8-keV transition. The new structures were deduced from the γ -γ -γ coincidence relationships, the relative transition intensity analysis and the total internal conversion coefficient analysis. The results of these analyses are given in Tables I and II, including (1), (2), (3), (4), and (5) on the top of the scheme. Based on the regular level spacings in each band and systematic comparisons, we assigned these bands to have I = 2 stretched E2 transitions. Figure 2 gives examples of some double-gated γ -ray spectra. In Fig. 2(a) , the γ -ray spectrum is obtained by double (1) and (5), and three transitions 306.5-, 391.5-, and 482.5-keV belonging to band (5) also can be seen. Moreover, some transitions in bands (3) and (4) as well as some linking transitions between bands (3) and (4) are also observed. Figure 2 (c) shows a coincidence spectrum for bands (3) and (4), with the double gated energies of 295.4-and 969.9-keV. One can clearly see 363.7-, 411.8-and 474.7-keV transitions belonging to band (3), and 271.9-, 353.3-, 444.3-, 536.1-, and 611.3-keV transitions belonging to band (4) . In addition, the strong interwined transitions 104.8-, 108.6-, 167.1-, 244.7-, and 258.9-keV between bands (3) and (4) are also seen in this double-gated spectrum.
Based on systematic comparisons with neighboring nuclei 144,146 Ce, we tentatively assigned the band (2) as the 054316-2 TABLE I. γ -ray transition energies, the relative intensities, and the assignments of spin and parity (I π ) value for 148 Ce in this work.
Bands (1) (4). Now we examine the spins and parities of the bands (3) and (4). In the early β-decay measurement [23] , the I π of the 1117.6-keV level in band (3) was tentatively assigned as 3 + and suggested to be a member of a γ band. We concur with this 3 + assignment but not the γ band assignment. Above the 1117.6-keV level, I π 's of the levels in band (3) are assigned as 5 + , 7 + , 9 + and 11 + , respectively, based on the regular level spacings.
We have carried out total internal conversion coefficient measurements. The measured total internal conversion coefficients (α T )s' for the three low-energy intertwined transitions 108.6-, 167.1-, and 104.8-keV were used to propose spins and parities to band (4). The α T for low-energy transitions 108.6-, 167.1-, and 104.8-keV between bands (3) and (4) were determined from the intensity balances in and out of the appropriate levels by double gating on two transitions in the same cascade. The α T of the 104.8-keV transition (see Fig. 1 the 167.1-and 104.8-keV transitions is equal to the conversion electron intensity. By double gating on 947.5-and 108.6-keV transitions, the α T of the 167.1-keV transition can be extracted, by measuring the difference in relative intensities of the 167.1-and 244.7-keV transitions. In addition, the conversion electron intensity of the 108.6-keV transition (see Fig. 1 ) equals to the difference in relative intensities of the 444.3-keV and 108.6-keV transitions in a coincidence spectrum obtained by gating on the 244.7-keV and the 536.1-keV transitions. The three α T values are listed in Table II . One can see that the measured α T values of the above low-energy transitions are all in agreement with E1 values but not with M1 values. Since the three transitions have E1 character, there is a change of parity between bands (3) and (4). Thus, band (4) is assigned as the negative-parity band, and the I π 's of its levels are tentatively assigned as 4
. . , respectively. The I π 's of the side band (5) are not clear.
III. DISCUSSION
From Fig. 1 , one can see that two sets of the positive-and negative-parity bands (1) and (2), and bands (3) and (4) with I = 2 transitions in each band and intertwined E1 transitions between two bands form a typical octupole band structure and show the reflection asymmetric shape with simplex quantum numbers s = +1 and s = −1, respectively. Figure 3 shows a comparison of the levels of the s = +1 bands in 144,146 Ce [11] and 148 Ce in the present work. As the neutron number increases, the energy of the levels with the same spin decreases.
In order to discuss the octupole deformation stability with spin variation, the energy differences δE between the π = + and π = − bands can be evaluated from the experimental level 0.8 energies by using the relation [3] 
Here the superscripts indicate the parities of the levels. Figure 4 compares δE(I ) versus I curves of 148 Ce and 144,146 Ce. In the limit of stable octupole deformation, δE(I ) should be close to zero. As seen in Fig. 4 , the δE(I ) decreases and tends towards zero with increasing spin in a way similar to what has been observed in 144, 146 Ce especially for the s = −1 band of parity doublets. This suggests that the octupole correlation effect observed in 148 Ce is similar to that observed in 144,146 Ce. However, the two bands s = +1 and s = −1 in 148 Ce show a different behavior: the s = −1 band approaches the stableoctupole limit earlier than the s = +1 band with increasing spin. The δE(I ) approaches zero at about 8h for the s = −1 band. However, from the present data, we can not determine the spin where δE(I ) for the s = +1 band in 148 Ce will approach zero. This may indicate that the octupole correlation in the s = +1 band is not as strong as that in the s = −1 band.
A nucleus with octupole bands decays through E1 and E2 transitions. The B(E1)/B(E2) branching ratios are evaluated by the expression
B(E1) B(E2)
= 0.771
where the intensities (I γ ) and energies (E γ ) have been taken from the present work. The B(E1)/B(E2) values in s = ±1 bands of 148 Ce from our investigation are listed in Table III . The average B(E1)/B(E2) value is 0.82 × (10 −6 fm −2 ) for the s = +1 band, and 1.51 × (10 −6 fm −2 ) for the s = −1 band. These values are comparable (an order of magnitude) with the neighboring isotopes 144,146 Ce [11] . Indeed, strong E1 transitions between the positive-parity and negative-parity bands are seen, and indicate that the octupole correlation in 148 Ce is strong. The average B(E1)/B(E2) value for the s = −1 band is larger than that for the s = +1 band. This may imply that the octupole correlations are stronger for the s = −1 
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148 Ce around 12 + . This also implies that the s = +1 band in 148 Ce is similar in structure to the s = +1 bands in 144, 146 Ce. However, for the s = −1 band in 148 Ce, we see that the J 1 of the negative-parity band [band (4)] smoothly decreases as hω increases, but the J 1 of the positive-parity band [band (3)] smoothly increases ashω increases. Such a different variations of the J 1 values withhω for the two branches of an octupole deformation band also are seen in the s = −i band in 145 Ba [8] . The different J 1 values in bands (1)- (4) of 148 Ce may suggest that the octupole deformation may not be stable, as discussed in 145 La [13] . This structural feature calls for more theoretical work. In addition, one can see that band (1) in 148 Ce shows a sharp upbend beginning at the 14 + → 12 + transition that is not seen in band (2) . This sharp upbend in the yrast band (1) might be caused by alignment of a pair of protons or neutrons.
IV. SUMMARY
In the present work, we have investigated the band structure of 148 Ce and identified both the s = +1 and s = −1 octupole correlated bands in 148 Ce. We not only observed the first evidence for E1 transitions intertwined with the 148 Ce yrast cascade, but also observed new side bands in 148 Ce which show a strong octupole structure with the simplex quantum number s = −1. The measured α T values for some low-energy intertwined transitions support this conclusion. This is the first report of an s = −1 octupole deformation structure in the neutron-rich Ce isotopes. The B(E1)/B(E2) branching ratios indicate that the octupole correlations in 148 Ce are stronger for the s = −1 band than that for the s = +1 band.
